Abstract. Adenocarcinoma of the pancreas has a poor prognosis. At present, no relevant personalized targets have been identified. Sequencing studies have implicated gene alterations of disruptor of telomeric silencing 1 like histone lysine methyltransferase (DOT1L) in pancreatic adenocarcinoma. DOT1L is part of the histone modification system and catalyzes methylation of H3K79, which is crucial in cell signaling and DNA damage repair. DOT1L is considered to be a target of therapy in mixed lineage leukemia gene-deficient leukemia cases and a potential target in breast carcinoma. The frequencies and importance of DOT1L copy-number variations and their specific correlation with protein expression in adenocarcinoma of the pancreas have yet to be investigated. In the present study, tissue microarrays of 230 resected pancreatic adenocarcinoma cases were constructed. The tumor tissue was analyzed using fluorescence in situ hybridization (FISH) and immunohistochemistry. In total, 10/225 carcinoma cases (4.4%) analyzed by immunohistochemistry demonstrated intense nuclear protein expression of DOT1L and in 9/224 tumors analyzed using FISH (4.0%), copy-number variations (CNV) were detectable. No DOT1L amplification was detected in the carcinoma cohort. To the best of our knowledge, the present study describes for the first time the frequency of CNV of DOT1L using the gold standard fluorescence in situ hybridization (FISH) and their specific correlation to the protein expression in adenocarcinomas of the pancreas. Although the positive cases by immunohistochemistry and copy-number variations by FISH were not congruent with each other, the data suggest a potential role for DOT1L in a small subset of pancreatic cancer cases. The significance of the two analysis methods concerning their druggability in pancreatic adenocarcinoma requires further studies.
Introduction
Gene expression and regulation are based among other things on the posttranslational modification system of histone proteins (1) . Disruptor of telomeric silencing 1 like histone lysine methyltransferase (DOT1L) is an evolutionarily conserved histone methyltransferase that, according to the current state of knowledge, exclusively catalyzes the methylation of H3K79 (2, 3) . In cancer, this methylation is involved in DNA damage repair and tumorigenesis. DOT1L was revealed to be crucial in leukemic transformation and is associated with poor prognosis in breast and colorectal cancer (4) (5) (6) (7) . Sequencing studies (www.cbioportal.org) demonstrate DOT1L alterations in ≥13% of pancreatic cancer cases. The frequencies of DOT1L copy-number variations determined using gold standard fluorescence in situ hybridization (FISH), and their specific correlation to protein expression, remain to be established.
At present, no relevant personalized treatable target exists in pancreatic adenocarcinoma, thus conventional chemotherapy and radiotherapy is still the standard systemic therapy (8) (9) (10) . Nevertheless the prognosis of pancreatic adenocarcinoma remains poor, and surgery is the only curative option for patients. However, only 20% of adenocarcinomas are operably linked to a curative approach at the time of diagnosis (11, 12) . Targeted therapy strategies are urgently required for this severe form of carcinoma.
In the present study, DOT1L was evaluated as a potential therapeutic target in pancreatic adenocarcinoma. According to the results of genomic studies, immunohistochemical analysis and FISH were performed, hypothesizing that the identification of a subgroup of carcinoma cases may demonstrate a significant DOT1L copy-number variation or amplification. block. TMA construction was performed as described previously (13, 14) . Patient characteristics are presented in Table I . In brief, tissue cylinders with a diameter of 1.2 mm each were punched from selected tumor tissue blocks using a homemade semi-automated precision instrument and inserted into empty recipient paraffin blocks. Four μm-thick sections of the resulting TMA blocks were transferred to an adhesive-coated slide system (Instrumedics Inc., Hackensack, NJ, USA). Consecutive sections were used for FISH and immunohistochemistry.
Patients and methods

Patients
Immunohistochemistry. Immunohistochemistry (IHC) was performed on TMA slides using the primary rabbit polyclonal antibody specific for DOT1L (#NB100-40845; dilution, 1:50; Novus Biologicals, Ltd., Cambridge, UK). Immunohistochemical staining was performed using the Ventana BenchMark stainer (Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer's protocol with on-slide controls of the appendix. As a secondary antibody the ready-to-use Ventana Detection kit (cat. no. 760-700; OptiView DAB IHC Detection kit; Ventana, Roche Diagnostics GmbH, Mannheim, Germany) for indirect biotin-free detection of primary rabbit antibody was used. DOTL1 exhibits a nuclear staining pattern. DOT1L staining was evaluated manually using light microscopy by two pathologists and discrepant results were resolved by consensus review.
FISH. FISH for evaluation of DOT1L gene copy numbers was performed with the DOT1L/CEN19 Dual Color Probe (Empire Genomics, Buffalo, NY, USA). Three-μm tissue sections on SuperFrost Plus slides were mounted by heating at 56˚C, followed by semi-automated deparaffinization protease digestion washing steps (VP2000 processor system, Abbott Molecular, Wiesbaden, Germany). Protease digestion was performed using the ready-to-use FISH pretreatment kit (Vysis IntelliFISH Universal FFPE Tissue Pretreatment Protease; Abbott Molecular, Wiesbaden, Germany). Slides were hybridized at 37˚C overnight with the FISH probe. The slides were stained with DAPI prior to analysis. Normal tissue including vessels, fibroblasts, or non-tumor lung tissue served as an internal positive control. Cases were only further evaluated if control tissue nuclei exhibited one or two clearly distinct signals of each color. Tumor tissue was scanned for amplification hot spots using x63 objective (DM5500 fluorescent microscope; Leica Microsystems, Inc., Buffalo Grove, IL, USA). If the signals were homogeneously distributed, then random areas were used for counting the signals. Sixty tumor cells in three areas were evaluated by counting green DOT1L and orange centromere 19 (CEN19) signals. The reading strategy followed that of the cMET-FISH probe to evaluate different levels of amplification. Low-level amplification was defined as ≥4 DOT1L signals in ≥40% of cells. Intermediatelevel amplification was defined as ≥5 DOT1L in ≥50% of cells. High-level amplification was defined as a DOT1L/CEN19 quotient of 2.0, ≥15 DOT1L signals in ≥10% of cells or an average DOT1L copy number of ≥6.
Procedures were followed as outlined in accordance with ethical standards formulated in the Helsinki Declaration 1975 (and revised in 1983) with pre-approval by the Ethics Committee at the University Hospital (Cologne, Germany; reference number: 09-232).
Results
Immunohistochemistry. DOT1L immunohistochemistry was performed on TMA slides, including 230 pancreatic carcinomas. Tissue from the appendix vermiformis served as on-slide control. Of the 230 pancreatic carcinomas, 225 were evaluable. Ten carcinomas (4.4%) revealed strong nuclear staining (Fig. 1) .
FISH. The DOT1L-FISH-signal pattern revealed an even distribution of the signals in the majority of cases. A total of 224 pancreatic adenocarcinomas were able to be analyzed using FISH; there were 9 cases with single tumor cells exhibiting microclusters of >5 DOT1L-signals accompanied by elevated CEN-signals, but no amplification according to the evaluation criteria (using common low-, intermediateand high level amplification criteria of MET analyses) was detected (Table II) . These elevated DOT1L signals were detected in cases where polysomy was already detected. Polysomy was slightly increased, ranging from 1.55-2.5 average CEN-signals/cell (Fig. 2) .
Discussion
According to the analysis of sequencing data, certain cancer types exhibit DOT1L gene alterations. Concordant with the biology of MET, the present study hypothesized that a significant elevation of gene copy number of DOT1L may correlate Grading  G1  3  G2  152  G3  75 with protein overexpression. The augmentation of DOT1L protein expression may further be associated with an increased response to a DOT1L-inhibitor therapy. DOT1L is a druggable target causing cell cycle arrest and leading to chemosensitivity in leukemia (15, 16) . The DOT1L inhibitor EPZ-5676 is under clinical investigation in a phase I study for mixed lineage leukemia (www.ClinicalTrials.gov; cat. no. NCT01684150).
The pharmaco-physiological mechanism of DOTL1 inhibition using the drug EPZ-5676 in mixed lineage leukemia is not fully understood. The maintenance of the MLL-AF6 fusion protein requires H3K79 methylation (17) . MLL fusion proteins recruit DOT1L, leading to aberrant DOT1L overexpression and H3K79 methylation (18, 19) . In breast carcinoma, DOT1L is associated with an aggressive phenotype and has also been revealed to be a potential therapeutic target (4, 20, 21) . Therefore, the present study immunohistochemically evaluated the frequency of pancreatic carcinoma cells that overexpress DOT1L, and how the protein expression correlates with the DOT1L gene copy number. No association between DOT1L gene copy number elevation and protein overexpression in tumor cells of the same cases were identified. Post-transcriptional modifications of DOT1L that inhibit appropriate protein expression may be one explanation. On the other hand, DOT1L protein overexpression (not dependent on an elevation of gene copy number) may be pharmaco-physiologically important if further studies are able to establish the expected association, in which more DOT1L protein be related to more intense methylation of H3K79. At present, the methylation of H3K79 is considered to accelerate the activity of various genes involved in cell cycle activity (22) . Due to this perception, an inhibition of DOT1L in cancer may be important. Initial evidence suggests that the DOT1L inhibitor EPZ-5676 is effective in mixed lineage leukemia (MLL) (23, 24) . According to sequence data, all DOT1L-altered pancreatic carcinoma harbor a KRAS mutation as well (The Cancer Genome Atlas data, www.cbioportal.org). This is not an unexpected finding, due to the fact that >90% of all pancreatic carcinomas have KRAS mutations (25) . The present study speculates that CNVs of DOT1L in KRAS mutated tumors are likely to be an epiphenomenon. In accordance with this assumption, the KRAS mutation may knock out any therapeutically intended DOT1L inhibition. Furthermore, the distribution of CNVs or protein expression of DOT1L identified in the present study is highly heterogeneous. Tumor cells presenting with CNVs of DOT1L were intermixed with carcinoma cells with regular gene copy numbers. A similar result was observed in immunohistochemically positive tumors: Certain tumor cell groups were DOT1L positive and others were negative.
In conclusion, a subset of ~4% of pancreatic adenocarcinomas exhibit CNVs of DOT1L with heterogeneously-distributed single tumor cells showing microclusters of >5 DOT1L-signals (≤14 signals) or nuclear protein overexpression. None of the tumor samples meets the criteria of amplification. There is no correlation between CNVs and protein overexpression. The significance of possible druggability in pancreatic adenocarcinoma, particularly in the protein positive tumor subgroup, requires further study. However, the present study does not predict a successful therapeutic effect using DOT1L inhibitors in adenocarcinomas of the pancreas.
